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PREFACE

The purpose of this study is to present & computer program for
the. design of binary vapor condensers using the basic heat and mass
transfer equations formulated by Colburn and Drew in 193T7.

In order to make these equations useful in g design sense they
must be integrated over the entire condemsation process. This may be
accomplished by the use of a forward difference method whereby the con-
denser is broken up into area lncrements and the basic transport equa-
tions along with the appropriate heat and material balance gre applied
in a stepwise manner. The results of this method are compared with
those of a commonly used approximation method for two different cases.

I wish to express my sincere thanks to Dr, Kenneth J. Bell for
his advice and guidance and to the Phillips Petroleum Company for
their fellowship grant which made this work possible. Also, I wish
to thank Dr. John H. Erbar for his assistance in obtalning thermody-
namlc and physical property date necessary to perform the desired
calculations,

I wish to express my sincere gratitude to my wife, Brenda, for her

help and moral support during this research project.
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NOMENCLATURE

AA - Area increment, ft2
b =~ Diffusion coefficient, ft2/hr

c_ - Quantity defined by eqn (3-7), dimensionless

CPA’ CPB - Heat capacity of component A, component B, vapor (mean),
CPM, CpL Liquid, coolant; Btu/lb °r

c N

pe
D - Tube diameter, ft., Di— inside diameter, Do-outside

dismeter
F - Quantity defined as kgP, where kg is defined in refer-
ence (2) as bP/RTZPBM.

G — Mass velocity of the total flow, lb/ft2 hr

g - Gravitational acceleration, ft/sec2
hG’ hTP - Heat transfer coefficient for the vapor phase, vapor
hc, hl phese with two-phase enhancement, condensation, liquid
hfi’ hfo phase, fouling inside the tube, fouling outside the

h tube, coolant; Btu/ft> MOF

o}

J - Mass transfer or heat transfer factor
k - Thermal conductivity, Btu/ft hr'F
M , M - Mass flow rate of the vapor, the liquid and coolant;

v 1
M 1b/hr

c
M, MA - Mean molecular weight, molecular weight of Component A,
M molecular weight of Component B; 1b/1b mole

o o
A



N - Mass fluxes of A and B, lb/ft2 hr

A 7B ‘

PrL - Iiguid phase Prandtl number

(Q/A)S (Q/A)L_ Sensible heat flux, latent heat flux, total heat flux

(Q/A)q, Btu/ft hr

Agyps qsL - Sensible vapor heat load, sensible liquid heat lbad,

QX’ Lo latent heat load, total heat load; Btu/hr

R - "Two phase" enhancement factor (hTP/hG) defined in
eqn (3-13), dimensionless

Rec - Reynolds number for condensing coefficient calculation

r - Wall resistance, (Btu_/ft2 hr'F)

TV, Ti - Vapor bulk temperature, interfacial temperature, cool-

Tc | ant temperatuyre OF ’

U - Overall heat transfer coefficient, Btu/ft> hrlF .

Yis ¥y - Mole fraction of\ more volatile component at the ipter-
face and in the bulk vapor

x - Quality {1b vapor/lb total)

xz. = Liquid mole fraction of more volatile component

z T N,/ (W, + M) ~ | ’

P ; S . distance into film
n ~ Fractional distance through the film ( Film thickness )
Xtt’ ¢2tt - Martinelli-Nelson factors defined by eqns. 3-17 and 18
A - Latent heat of vaporization, Btu/1b
i - Viscosity; 1b/ft hr

p - Density; lb/ft3

L)
1



Subscripts

v

1
f

TPF

Vapor. phase
Iiquid phase
Friction

Two Phase flow

.
1Y



CHAPTER I
INTRODUCTION

The condensation of a binary vapor differs in several aspects from
the condensation of a pure vapor. The process in general is non-iso-
thermal. Because the components of the mixture will have different
boiling points at the system pregsure, the heavier component will be
preferentially condensed. This preferential cqn&em&&tion gives rise
to a decrease in the dew point of the remaining vaper and thus the
vapor temperature decreases continuously over the condensation process,
In addition, the condensate already laid down and the remaining vapor
must be cooled further, All these sensible heat effects, while gener-
ally being small compared to the latent heat load, must be taken into
account in the condenser design., The sensible heat removed from the
vapor phase is of particular importance because of the relatively poor
heat transfer rate associated with this process.

Another essentisl difference between binary and pure component
condensation i1s the resistance to heat and mass transfer in the vapor
phase for the binary case. A diagramNQf the condensation process at a
point in the condenser is shown in Figure 1. This diagram shows a
vapor stream at temperature Tv and bulk composition yV flowing past a
tube wall. The vapor is separated from the wall by a layer of con-
densate, It is assumed that at the vapor-liquid interface the phases

are in thermodynamic equilibrium. Thus the compositions X and Y3
i
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Figure 1. Diagram of the Ccndensation Process



are the equilibrium compositionS'at”TiiandnthehsysteM'pressure, In
general, for a finite condensing rate Y, and"yi*will'not be equal;
further, since Ti‘is less than Tv’ yi will be greater than Y This
anelysis indicates that the gross mass flow of the vapor to the con-
densing interface carries with it & somewhat higher concentration of
the more volatile component.

The non?uniformity of the vepor phase and the fact that ss the
heavier component is preferentially cqndensed the compositions change
from point to point indicate that there are:diffusionsl resistances in
both phases that are coupled with the heat transfer processes. The
change in the composition suggests that the transport eguations must be
applied in a point-wise manner.

Since the bulk vapor and liquid phases are not in equilibrium, the
familiar "inverse lever rule" cannot be applied to determine the frac-
tion of the inlet vapor stream that has condensed at any point in the
condenser. In crder to calculgte the condensing rate, phase composi-
tions, and the total condensate flow rate at -any point, it 1s necessary
to carry out an incremental mass balance for each phase,

It 1s necessary to carry out an incremental energy balance in
order to celculate the vepor temperature profile. The energy balance
calculation must take into account both the sensible and latent heat
loads as was previously mentioned. These heat effects are directly
related to the mass transfer rate; thus, all the computations are
coupled and reiterat?ve making use of a computer imperative to solve.
this set of equations.

The purpose of this study is to present a computer program which -

solves all the necessary equations for any set of specified conditions.



The cases presented are for binary condensable vapors having misible
condensates, using a countercurrent coolant of constant sﬁecific heat.
Certain assumptions are made in the solution of the system equations.
First, the thermodynamic and physical properties -of both the liquid
and vapor phases are assumed to be known. Second, the condenszation
process is assumed . to be isebardie.. Third, the econdensate film is
assumed to be well mixed. This implies that there is mno diffusional
mass transfer resistance in the liquid phase.

The Colburn-Drew design method is applied to two different sys-
tems and the results are compared to an approximate method applied to

the same cases.



CHAPTER II
LITERATURE SURVEY

The basic transport equations describing binary condensation were
first presented by Colburn and Drew (1). A somewhat more modern pre-
sentation of the same work is given by Sherwood and Pigford (2).
Although the work by Colburn and Drew provided the transport equations
necessary to perform the calculations for a condensing binary vapor,
the authors made no attempt to apply these equations along with the
necessary heat and material balances to the actusl design of a con~
denser of finite aresg. In addition, there seems to have been little
further attempt to put the Colburn-Drew formulation to work in this
sense. Most of the work in the ares of design has been aimed at
approximation methods.

Kent and Pigford(3) studied experimentally eand theoretically the
performance of a reflux condenser for s toluene-ethylene dichloride
system. Their results showed mass transfer effects in agreement with
the Colburn-Drew theory. Several other experimental studies (4,5,6)
have been carried out which tend to support the Colburn-Drew model,
but they have not extended the model to a design mode.

One type of binary condensation which has been solved by a rigor-
ous method is the condensation of a pure component from an isoluble gas.
Colburn an@ Hougen (7) presented the equations and design procedure.

This method is quite similar to the Colhurn-~-Drew method for binary



condensation except in the latter case the condensaté is not & pure
component. This introduces another loop into the reiterative solution
of the system equations. The Colburn-Drew equations-as presented in
this paper could be used for the non-condensable case with the proper
modifications.

Several general purpose design methods have been proposed. Kern
(8) recommended ignoring the vapor phase resistances to heat and mass
transfer and lncreasing the area computer by condensation alone by the
ratio of the total heat load to the latent heat load. Kern alsc in-
dicated how to use the non-linear condensing temperature profile in-
stead of the IMID.

Gully (9) attached the problem from the standpoint of computing
an adjusted mean temperature difference. Gloyer (10) proposed a
method which also neglects the vapor phase resistances and is based on
design using terminal conditions of the condenser. Gloyer concen-
trates on correcting the MID and the vapor phase coefficient with
various weighting factors.

An approximate design procedure was published by Ward (11) and
later extended into a more meaningful form by Bell and Ghaly (12).
The latter method takes into account the sensible heat lcad due to
liquid phase cooling. The essential .assumption in both methods is
that the mass transfer resistance in the vapor may be neglected and
compensatgd for by overestimating the resistance to sensible heat
transfer. Another assumption made is that the bulk vapor and condensate

streams are in thermodynamic equilibrium at any point in the process.



The design equation used in the Bell-Ghaly method for the condenser

heat transfer ares is:

L+ hsv

%
il 20,
J T -7y @ (2-1)
Uty - Ty

A=
o
where Z is the ratio of the local vapor sensible heat flux to the local

total heat flux:

z = (a/),/(a/A), (2-2)

and UO is the overall coeffilicient for the condensgte film, dirt, wall,

and coolant:

U = 1

dho , dAo  AXwdho . 1 E;
c

(2-3)

hydh;  hedA, - kA e

The quantity (ZUO/hsv) is a measure of the additional area re-
gquired to remove vapor sensible heat. The required quantities for
equation 2-1 are calculated for each point in the condenser and the

area required is then found by a graphical integration of EQuation 2=-1.



CHAPTER TIII
THE BASIC EQUATIONS
Vapor Phase Transport Equations

The Colburn-Drew formulation of the transport equations is based
on two main assumptions. First, it is assumed that all the vapor
phase resistance to heat and mass transfer is in a laminar boundary
layer or film of thickness Bo adjacent to the vapor-liguid interface.
Second, it is assumed that, at the vapor-liquid interface, the composi-
tions of the phases are the equilibrium compositions at the interfacial
temperature and system pressure.

The net molar flux of the more volatile component A to the inter-
face, NA’ arises from two sources. First, the contribution due to the
molecular diffusion of the more volatile compénent relative to the

heavier is:

N, = Y /an (3.1)

where n is the fractional distance through the film B/B0 measured from
the interface out into the vapor as shown in Figure 1. The second
source is the flux of Component A due to bulk vapor flow which is merely

the total flux (N

N + NB) times the mole fraction of Component A in the

vapor phase.



The next molar flux of Component A is merely the sum of these two

contributions:
Ny= @ ey +F L (3-2)

If the composition of the condensing vapor is z, then:

N, = (W, + Nz (3-3)
Equation 3-2 then becomes
’ = '—d-Xv-— Qe
(w, + NB)gn P (3-4)

Integration of this equation between the limits of n =0, y = s and

n=1,y = Yy gives:

(3-5)

Similarly, the sensible heat flux from the bulk to the interface
is the sum of the heat flux due to the bulk flow of the vapor to the

interface and the heat conducted through the laminar film:

Qy _ 4atr 2
(A = (NMCpy + WML (T - T, ) + By 32 (3-6)

The first term is the flux arising from the bulk flow; the second term
is the flux 8ue to conduction. Integration of this equation across the

boundary layer with the limits: n =0, T = Ti and n =1, T = Tv gives:

= —Lo :
3y = — e (T, - 2] (3-7)
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where:

- L
Co = b, NAMACPA * NBMBCPEI

The latent heat flux resulting from the condensation of (NA + NB)

moles of vegpor is:

z -y,

Q 5 =
(A) = (NA + NB)MA Fin p—

L v

MA (3-8)

The total heat flux is just the sum of the latent and sensible fluxes:

(F) =gz |Bg(T, - T;)| * Fa]———= M (3-9)
T 1l-e ‘ 1_ z =Yy

This total flux must be equal to the flux from the vapor liquid inter-

face to the coolant (neglecting sensible cooling of the condensate):

& =u(r, - 1) (3-10)
T
where U is the overall heat transfer coefficient from the vapor-liquid

interface to the coolant,

Calculation of the Vapor Phase Heat

and Mass Transfer Coefficients

The vapor phase heat transfer coefficients were calculated in two
different ways: 1) assuming that the heat and mass transfer are for

the vapor phase only flowing on a smooth conduit, and 2) assuming that
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the presence of the liquid phgse enhances the heat and mass transfer
coefficients by disturbing the boundary layer.
The single phase heat transfer ccefficient was calculated using

a correlation by Chilton and Colburn (13)

o -2/3
= N3 (3-11)
hG = jHCPﬁGX( . -
where:
—-.a
. DGx _
3y = -023(——'-*u ) (3-12)

The "two phase' coefficient correlation used was developed from
the relationship between the heat transfer coefficient and pressure

gradient for single phase flow:

n, = k(&) (3-13)

where K is a constant which combines the constants (physical properties,
etc.) appearing in the equations for the heat transfer coefficient and

pressure gradient. By analogy:

_ (49
Bop = K(dl)f o (3-1L)
then:
h ks
P _ | (de dp .
= (=) /(dl) (3-15)
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The frictional pressure gradient for two phase flow is. calculated by

the Martinelli-Nelson correlation (15):

d . - 2 -75 Q-B
(28, = 2 xt:T0(ER) (3-16)
a1l £, TPF 1tt7et  ‘dl £,
where:
P.\+5T7u N 11
x, = Lozl -¥K> (—35 (3-17)
tt X oy, By
and:
) L3 - | T
Blop = |T v T+ = (3-18)
t “Xtt

The vapor phase mass transfer coefficient uéed was calculated by

the equation:

(&) (X (3-19)

where JM = jh

The "two phase" mass transfer coefficient used was calculated in the

same manner as the "two phase" heat transfer coefficient:

F 1 .L4bus
2. (& /(%R) ' (3-20)

£ TPF £,

where the pressure gradients are the same as in equation 3-15.
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Calculation of the Condensate Film Coefficient

Inside Vertical Tubes

For the calculation. of the condensing coefficlent in vertical
tubes there are three cases which must be considered. For the cage of
low tube loadings and condensate flow rates, the condensate film flow
is gravity-dominated and laminar, and the Nusselt equation (16) is

used:

k23pg(plv— p )s

2
Hy

h = 1.47 (3~21)

¢
At higher condensate rates the film becomes turbulent and the Colburn
correlation (17) is the correct one to use. A curve-fitted form of

the Colburn correlation is:

ko, (0, - 0 )g| /3 ip-—
n = .0Ll LA % = Recl/3VFR, (3-22)
g
where
Rec = 20 =) _apm - <?£H> (3-23)
u 2 k 2

At high tube loadings the condensate film is vapor-shear controlled

and the Boyko-Kruzhilin correlation (18) is valid:

K .8 oTom)s + /(o70m)
h = .ozh—&-<%g> <PR£5h3 e 5 o (3-24)



1k

where
P, = P
p 2 v
) =1 + - -
(5m)s - )xi (3-25)
v
and
P, = P_°
P 2 v :
S = 1 + - —26
(pm)o o X (3. )

The procedure is to calculate hc by all three equations and choose the
higher value, since that is the one that is valid under existing

conditions.

Inside Horizontal Tubes

For condensation inside horizontal tubes a procedure similar to
that suggested for vertical tubes 1s used. At low tube loadings

(gravity dominates) the Kern correlgtion (8) is valid:

kipg(oz - p_)gL 11/3
hc = ,761 =
Mo

v

(3-27)

At high condensing loads, with vapor shear dominating, the Boyko-
Kruzhilim correlation (Equation 3-21) is valid, The procedure again is

to calculate hc from both gquations and.choose the higher value.

Calculation of the Overall Heat

Transfer Coefficient

The overall heat transfer coefficient from the vapor liquid inter-

face to the coolant is:
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D.X D. D

1 1 iw i i
U, = 1/(> + + + = + ~) (3-28)
* hc hfi DLkW Dohfo Doho

The values of the coolant heat transfer coefficient, ho’ the foul-

ing coeffigients hfi and h the the wall dimensions, and thermal con-

fo?

ducting are assumed to be constant and are supplied as input data.

Mass and Energy Balances

1

In order to apply the Colburn-Drew equations to a condenser design,
the condenser is broken up into area n inerements, as shown schematic-
ally in Figure 2. For each area increment, component and overall mass
balances are written for each phase. TFor the vapor phase;

Light component:

Mvg yv. : - P&A ¥ NB)ZM:]AA * Mviyvi (3-29)
i-1 i-1 —
Overall:
Moo= ENA + NB)MJ M+ M, (3-30)
i-1
For the liquid Phase:
Light component:
Mo X 7 L(NA * NB)ZM] AR =My xos (3-31)
i-1 i-1

Overall:

=

MR’i—l + L(NA + NB)M] M = M. (3-32)
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Similarly an energy balance between the vepor and eondensate and
the coolant is written for each increment. . The total heat load arises
from three sources: the sensible and latent heat transfer from the
vapor that is condensed in a given increment, the sensible cooling of
the uncondensed vapor, and the sensible cooling of the condensate.

The heat transferred from the condensing vapor is merely the heat flux

given in Equation 3-9 times the area increment AA:
q = (), a8 (3-33)
C A°T

The sensible heat removed from the uncondensed vapor is:

Ly = MVCPV(TV - Tv ) (3-34)
i-1 i~

Where i corresponds to the increment in question gnd i-1 to the pre-

ceding increment. The sensible heat removed from the condensate is:

Q = MCpp(T; - T; ) (3-35)
_ i-1 i

The sum of these three heat loads is the heat picked up by the coolant:

4 =q *aq.,=MNcC (T -T ) (3-36)
T (¢ sl ¢ Pe ci ci+l

The temperature of the vapor leaving an area increment is calcu-

lated by solving this equation for TV :
i
Ay = (T, = TR AL = (T - T )M (3-37)



CHAPTER IV
THE -COMPUTER PROGRAM

The main problem is the calculation of the interfacial temperature
Ti and the composition z of the vapor condensed in an area lncrement.
Since neither of these unknowns can be expressed as an explicit func-
tion of the independent system variables; a double trial and error cal-
culation 1s required. In addition, i1f the enhanced mass transfer
coefficient is used ancther smaller loop is required within the loop
for z. The general scheme to converge to the correct values of Ti and
z is:
> 1. Estimate"l‘i
> 2. Estimate z

3. Calculate z

—— L, Converge z assumed and z csalculated

5. Qalculste Ti

6. Converge Ti assumed and‘Ti calculated

The important point in this procedure is to converge the inner
loop (z assumed = z calculated) at each iteration of the outer loop
otherwise, the system may fail to converge. The convergence of z was -
chosen as the inner loop because, for the case using the unenhanced
mass transfer coefficient, z may be found from the solution of two non-
linear equations. On the other hand, T, is a more complex function

and was chosen for the outer loop. For the case where the "two phase"

18
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mass transfer coefficient is used one additional equation is added to
the inner loop for z. This jincreases the complexity of the convergence
of z but the-inner loop is still less complex, A Wegstein (19) type
convergence method was used to converge both loops.

Once Ti,and z are found, the next vapor temperature and composi-
tion and the individuel heat loads may be calculated. The procedure
is then repeated for all succeedlng increments until the desired vapor
temperature or total condensation is achieved. The overall calculation
gcheme is?

1. Choose an increment of avea, O0A.

2. Calculate physical properties af TV.

3.  Calculate F.

4., Assume T, .

5. Calculate yi and in by equilibrium calculation at Ti'
6. Assume z.

7. Calculate (NA + N,) from liquid phase mass balance.

B)
8. If the two phase enhancement of the mass transfer coefficient
is used, calculate the quality x and the enhancement factor
R.
9. Calculate z from diffusion equation.
10. Is z assumed = z calcylated? If yes, go to 103 if no, go to 6.
11. Calculate h at T,, y., P.
c i i

12, Calculate U,

a and perform hest flux balance on vapor phase,

13. Calculate L
14, Does the hegt flux balance check? If yes, go to 1l if no,

go to L,
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15. Calculsate yv for the next increment by mass balance on vapor
phase.

16. Calculste Tv for the next increment by heat balance on qsl.

17. Calculate qsv? qslf qx and Upe

18. Calculate T,

19. Continue until Tv = TV outlet, or total condensation has
occurred,

The block flow diagram for the computer program may be found in
Appendix C. The format for input data preparation is illustrated in
Appendix B. The required input data includes: the inlet conditions
of the vapor (temperature, pressure, composition and flow rate), data
for the coolant stream, block physical property and equilibrium data,
specified ares increment, number of tubes, type of coefficient used
(enhanced or single phase) and the orientation of the condenser.

The first step in the progrem 1s the calgulation of the bubble
point temperature from the input equilibrium data. This temperature
TLTOT will be used in conjunctlon with the veriable LTEST to check for
the. possibility of total condensation or an attempt by the computer to
converge on an interfacial temperature below the bubble point of the
feed, |

The main loop is used to converge on the value of Ti for a given
area increment. Near the beginning of the loop the varisble LTEST is
used. If the quality is less than .3 (arbitrarily set value), LTEST
is set equal to one and the condensing stream will be checked for total
condensation later in the program. Subroutines VAPOR and DCOEF are

used to obtain the vapor physical properties at the vapor bulk
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temperature, pressure and composition. Onge the physical properties
are known, the Reynolds number, Prandtl number, Schmidt number, and.
mass transfer coefficient are calculated.

Once 'I'i is assumed, LTEST is checked. If LTEST is zero, the pro-
gram continues in the main loop. If LTEST is one, the condensing
stream is tested for total condensation by the use of subroutines
EQUIL and TTEST. Subroutine EQUIL is used to calculate the equilibrium
compositions at Ty (for this case it is the bubble point TLTOT). TTEST
performs the Colburn-Drew calculations in slightly different form. In
this case the area increment is calculated by knowing the interfacial
temperature and the condensing rate (NA + NB). If this calculated
area is less than the specified area, the stream will reach its bubble
point with less area than is specified. In this event, the program
leaves the main loop and the heat loads are calculated for the final
area increment. If the calculated area is greater than the speecified
area increment, then LTEST is set equal to zero and the program con-
tinues in the main loop.

The value of z is now required for the calculations and is calcu-
lated in a slightly different manner depending on whether the single
phase heat and mass transfer coefficients are used or the enhanced
coefficients are used. If the unenhanced version of the coefficients
is used then the value of z 1s obtained from the simultaneous solution
of Equstions.(3-5) and (3-31) utilizing subroutine CONV. An exception

to this is for the first area increment where z is equal to x and the

11
loop is skipped entirely. If the enhanced coefficient is used, an
additional sub-loop is required because the total flux (NA + NB) is

directly proportional to the mass transfer coefficient; which in turn
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is related to (NA + NB) through the»quality.in‘the Martinelli-Nelson
factor. The procedure used was to converge on & value of F by using
an interval halving technique each time through the z loop. If the
program 1s in the first area increment the value of z is known and
only the sub-loop for F is used.

Once the loop for z is converged to an acceptable value, the con-
densing coefficient and overall coefficlent are calculated. Subroutine
CAILC 1s then used to perform the Colburn-Drew calculations. If the
heat flux equation balances within a specified tolerance or the calcu-
lated interfacial temperature is close enough to the assumed value, the
results are printed and heat loads, next veper temperature, and next
vapor composition are calculated. The program then returns to the be-
ginning of the loop for the next area increment calculation. If the
heat balance or calculated temperature do not check the loop is con-
tinued until convergence is achieved, This routine is applied for all
area increments until the desired temperature or the bubble point

temperature is reached.



CHAPTER V
RESULTS AND CONCLUSIONS

In order to demonstrate the operation of the computer program
developed, two example problems were solved. The results are compared
with those of the approximation method formulated by Bell and Ghaly
(12). The first problem was concerned with a methanol-water syst-m
similar to that used by Colburn and Drew (1). The other problem was
a system of n-butane and n-octane chosen because of the wide condens-
ing temperature range. Both problems assumed condensation inside a

R
vertical bundle of 100-1 inch 1k BWG tubes (.834 in I.D.). Water was
used as the cooling medium with a corresponding heat transfer coeffi-
cient of 900 Btu/hr ft2 OF. The fouling coefficient for each stream
was assumed to be 1000 Btu/ftehroF. The conditions used for the
methanol-water system were:

Maés flow rate: 5000 1lb/hr

Composition: ,30 mole fraction methanql

Tnlet temperature: 197.0°F (Saturated vapor)

Pressure: 1 atmosphere absolute

5

Water conditions: 10° 1b/hr at 68°F
The conditions assumed for the n~butane - n-octane system were:
Mass flow rate: 8000 1b/hr

Composition: .30 mole fraction n-butane (Saturated vapor)

Temperature: 259.10F

23
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Pressure: 20 psia

Water conditions: 5xlOh 1b/hr at 86°F

The temperature profiles for the methanol-water system are shown
in Figure 3. Both the vapor bulk and interfacisl temperatures are
plotted as a function of heat transfer area for the Colburn-Drew
method with and without two phase enhancement of the vapor phase co-
efficients and for the approximate method. The curves indicate that
with the two phase enhancemenf, the vapor bulk temperature is less
superheated with respect to the interface than the corresponding
vapor bulk temperature for the unenhanced case.

The two phase heat transfer coefficient tends to keep the vapor
bulk temperature down while the enhanced mass transfer coefficient
tends to keep the interfacial temperature higher, This latter state-
ment may be supported by referring to Equations (3-9) and 3-10).
Since F and h, are quite larger, the temperature difference (Ti - TW)
in Equation (3-10) must be large to balance with Equation (3-9). In
either case, the temperature profiles indicate that there is only a
relatively minor resistance to heagt transfer in the vapor phase since
the greatest temperature difference (about lOOOF) is between the
interface and the coolant.

Figure 4 shows a plot of the vapor bulk composition as a function
of ‘area. The Colburn-Drew method without two phase enhancement pre-
dicts a lower concentration increase of the light component than does
the approximation method. This follows from the temperature profiles
in Figure 4. The interfacial temperature for the unenhanced method is
lower than the bulk temperature of the approximate method. Since the

composition of the liquid phase increases in decreasing temperature,
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the composition .of the. liquid in the Colburn~Drew case would be higher
than that of the approximate method, By an overall material balance
at any point the composition of the vapor must be less for the Colburn-
Drew method with no enhencement than for the approximate method. An-
other factor which enters in is the build up of the light component in
the vapor phase &t the interfacé which tends to decrease the composi-
tion of the bulk vapor. The method using the enhanced coefficients
showed a lower. concentration increase than the approximate method
until the end of the process where the enhancement factor for the mass
transfer coefficlent is significantly greater than one. The composi-
tions near the end of each process are nearly identical, indicating
that if the two methods had more nearly equal condensing rates, the
compositions would not be too different.

Figure 5 indicates that the approximate method, while being some-
what conservative, predlets an area which 1s less than 20% greater
than the Colburn-Drew methods. Thig is to be expected since, as we
pointed out before, the malor resistances for this case appear to be
the coolaent, condensate, and fouling resistances which are the same
for all methods.

The vepor temperature profiles for the n-butane-n-octane problenm
are shown in Figure 6, Since the difference in the dew point and
bubble point for this mixture is about 1hOOF the effect of the sensible
heat transfer rate in the vapor phase is much more pronounced. Also,
the vapor phase transport processes are much more important in limiting
the heat transfer rate, The temperature difference between the bulk

and interfacigl temperatures for the -enhanced case is about hOOF;
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whereas, for the unenhanced case the difference is 50-60°F. This
corresponds to a much greater resistance in the vapor phase than was
exhibited in the methanol-water case.

The composition profiles in Figure 7 are similsr gqualitatively to
those for the methancl-water case, but the differences between the
profiles are much more exaggerate; because of the increased vapor phase
resistances. {

The heat load profiles in Figure 8 show that for this case the
approximation method overestimates the required heat transfer area.
This is due largely to the overcompensation for the sensible heat load
in the vapor phase.

The cases presented here seem to be two limiting cases. For the
methanol-water system the vapor phase resistances to heat and mass
transfer are quite small; whereas, for the n-butane-n-octane system
the vapor phase resistances are lgrge and must be accounted for in the
condenser design.

The results of these two cases indicate that the more fundamental
Colburn-Drew approach to condenser design leads to less conservative
designs, further study is needed to really determine whether the‘
Colburn~Drew method gives a "true" value of the area required. The
approximate method is conservative in the predicted heat transfer area.
This is in the direction which is deslirable; but, this conservatism
can be costly in an actual design application if it is used for a case
such as the n-butane-n~octane system, On the other hand the Colburn-
Drew method may be too non-conservative and a condenser may be de-

signed which will not perform the desired condensation.
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The proposed methoed, while being limited to binary vapors, can
probably be extended to multicomponent mixtures. This would require
further sophistications of the subroutines for the thermodynamics

and physical propertles associgted with multicomponent systenms.
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APPENDIX A
COMPUTER PROGRAM FOR THE SOLUTION

OF THE COLBURN-DREW EQUATIONS
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COMPUTER PROGRAM FOR THE SOLUTION

OF THE COLBURN-DREW EQUATIONS

The computer pregram for the design of binary vapor condensers
using the Colburn-Drew equations is written in FORTRAN IV for use on
the IBM 360 model 65 digital computer, A block‘diagram of the main
program is shown in Appendix B. A description of the main program and
the subroutines is presented in the following sections. Appendix C
presents selected values of the main variables for each of the two

systems studied.
Main Program

This is the executive program for the entire calculational scheme.
The subroutines for the thermodynamic and physical properties and the
basic calculstions are called by the main program., The basic logle for

the maln program is discussed in Chapter III.
Subroutine VAPOR

This subroutine supplies the main program with the necessary physi-
cal properties for the vapor phase.  The vapor density is calculated

from the ideal gas law corrected with the compressibllity factor ZRK:

e, PM/T_Z. (10.73) (A-1).

K

7



38

The compressibility factor is obtained by the solution of the Redlich-
Kwong equation in subroutine RK.

The pure component heat capacities are found in the equation:

Cp; = A + BT + CT (a-2)

where A, B, and C are constants supplied from input data. The hegt
capacity of the vapor is then found from a mole fraction average of
the pure component heat capacities.

The thermal conductivity is calculated by a mole fraction average
of the pure component thermal conductivities. The pure component values
are found from a linear interpolation of the input data by use of func-
tien FUN1.

The vapor phase viscosity is computed by using a correlation by

Wilke (20):
W y
= - + - (A-3)
v y2 z;
(1 + (5,1-)(2512) (1 + (y2)¢21
where:
b Ml
1.\1/2 /4
l:“‘uz’) W, J
¢12 = = Ml 1/2 (A-"h)
</§ 1+ (--)>
M2

and:
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u M
B.. = (=2) (-2)p (A-5)
21 By M2. 12

The pure component viscoslties u. and u2 are found by using function

1
FUN1.

Subroutine LIQ

This subroutine i1s used to supply the liquid phase physical proper-
ties required. The heat capacity, thermsl conductivity, and viscosity
are all found from a mole fraction average of the pure component data
obtained by using function FUN1l. The density is also found from a

linear interpolation of the input date for saturated liquid densities,
Subroutine DCOEF

The diffusion coefficient is calculated in thls subroutine by a

method given in Reid and Sherwood (20):

_ 32 (Mt MN\L/2 5
b = ,0018%8 TV (}EQFQ;”- /PGlQQD (A-6)

where Gie and QD are empirical constants.

Bubroutine .COEF

The calculation of the condensing coefficient is performed using
various methods depending on which is applicable., For the vertical
orientation, Nusselt's equation, a fit of Colburn's correlation, and

the Boyko-Kruzhilin method are'all calculated and the highest value
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selected since this is the one which is valid for the particular case.
For horizontal opientation, the Kern correlation and the Boyko-Kruzhilin
correlation are used. A discussion of all these equations is presented

in Chapter IIT.,

Subroutine .CALC

This subroutine performs the Colburn-Drew calculations as outlined
in Chapter IV. The main purpose of these calculations is to obtain
both sides of the heat flux balance for the vapor phase. Once these
calculations are performed, the computer returns to the main program

to check for convergence in the heat flux balance.

Subroutine WRITE

This subroutine is used to print the results of the calculations
performed at the end of each area increment and at the end of the en-
tire program. Various sections of the subroutine are executed accord-
ing to the value of LPRT which is set in the main program before the

subroutine is called.

Subroutine TTEST

This subroutine is used to check for total condensation within
an area increment. The condensation rate and mole fraction are known.
The area required for total condensation is calculated. If the calcu-
lated area is less than the area increment, TTEST is set equal to zero

and the computer returns to the main locp in the main program.
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Funetions FUN1 and FUN3

These functions are used for the linesr interpolstion of the ther-
modynemic and physical property data. The difference in the functions
is FUN1 is for increasing values of the independent variable and FUN3

is for decreasing values.
Subroutine EQUIL

This subroutine computes the required equilibrium mole fractions
at any temperature. These compositions are obtained by linear inter-

polation of the T-x-y data using FUNIL.
Subroutine CONV

This subroutine is shown in a block diagram in Appendix B. The
purpose of this subroutine is to converge the value of Z in the main
program by using Wegstein's methpd (19): The main idea of the proce-
dure is shown in Figure 9. The basic idea is to project from two known
points on the f£(X) line to the X=X  line to determine the new trial
value. In order to project to the diagonel line, this equation must

be solved for the new trial value‘X3:

X = : — : (A-T)

Once this new trial value is found it is substituted into f(X) to de-

termine the new calculated value. If these values are close enough
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for convergence, the variable NC is set equal to one. If the values
are not close enough, NC i1s two and the procedure is repeated until

adequate convergence is achieved.

Subroutine CONVT

This subroutine is a modified form of subroutine CONV. Instead
of using assumed and calculated values of a variable for convergence,
tlre assumed interfacial temperature and difference in the heat balance
is used. The difference is projected to zero and the new assumed in-

terfacial temperature is found by this projection.

Subroutine RK

This subroutine solves the Redlich-~-Kwong equation of state (21) to
determine the compressibility factor used in subroutine VAPOR. The

form of the equation is:

__1 A h
2k ST-R -8B T+ (a-8)
where:
42748 B2y 072 ,
W= g 8 s (4-9)
R™T c
fo b . 08664035 RTC. B
~ RT® P T T g

- C

The problem is the solution of the cubic equation which results.
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Subroutine APPR

This subroutine is for the condenser design using the approximate
method by Bell and Ghaly (12). The procedure is to calculate the func-
tion described in Equation 2-1 and graphically integrate the function

versus Q.
Subroutine -SUBCL

This subroutine provides for subcooling of the condensed stream,
The required heat load is calculated and the area required to perform
the subcooling is calculated and added to the ares required for

condensation.
Data Preparation

The input data cards required for this program are arranged in the
following order:
| This card contains data for four variables. The input
varigbles are:

TYPE = value determines design method(s) used. If it is
1, the Colburn-Drew is used; 1if 2, both the Col-
burn-Drew and the approximate methods are used;
if 3, only the approximate method is used.

NPHAZ = this picks the type of heat amdrmmss transfer coef-
ficient used for the vapor phase. If the value is
1, the unenhanced coefficients are used; if the
value is 2, the enhanced coefficlents are used.

ORIENT = type of orientation desired, for vertical case,
use a 13 for the horizontal case it should be 2.
TUBES = number of tubes in the condenser.

READ: TYPE, NPHAZ, ORIENT, TUBES

FORMAT; 312, F6.1
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CARD 2 This card supplies data for the condensing stream,

TV1 = inlet temperature of wvapor, °p

1

TV2 = outlet tempersture of the stream, oF
MDOT = total inlet .flow rate of vapor, lb/hr
SUMR = sum of the heat transfer resistances (except for the
condensate film) for the calculation of the over-

8ll coefficient.

Yl = inlet vapor composition (mole fraction of the light
: component ) .

MA = molecular weight of light component, 1b/lb mole.
MB = molecular weight of heavy component, 1b/1lb mole.
READ: TV1, TV2, MDOT, SUMR, Y1, MA, MB
FORMAT: TEL0.5
CARD 3 This card contains data for the water stream and additional
data for the condensing stream.
TW1l = water outlet temperature, OF
FLOW = water flow rate, 1lb/hr
PROB = problem number (for identification purposes only)
NT = maximum number of area increments allowed (can be
as large as 49)
D = tube inside diameter, inches
DELA = area increment size, ft2

P = pressure for condensing stream, psia

(CARDS 4 thru N |

The number of cards in this section is dependent upon the
user. The order of the cards is quite rigid and failure
to adhere to the format will result in a program which

will not run.
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Section 1: vapor thermal conductivity data. The input

variables agre:

TKV = temperatures at which the data points are provided,
°F

¥KV1l = thermal conductivity of the heavy component BTU/
£t hr'F

XKV2 = thermal conductivity of the heavy component BTU/

£t hr'F
(Date must be read in with increasing temperature.)
READ: TKV(I), XKV1(I), XKv2(I)
FORMAT: 3E10.4
NOTE: A blank card must follow the last date card for
this section.
SECTION 2: 1liquid thermal conductivity data. The input

variebles are:

TKL = temperatures at which the date points are provided,
°r

XKLl = thermal conductivity of the light component,
BIU/ft hr'F

XKL2 = thermal conductivity of the heavy component,

BTU/ft hr F
(Data must be read in with increasing temperature.)
READ: TKL(I), XKL1(I), XKL2(I)
FORMAT:  3510.L
NOTE: A blank card must follow the last data card for

this section.
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Section. 3: liquid density, latent heats, and equilibrium-

compositicns data. The input variables are:

T = the temperature at which the data points are
provided
XIDEN = liquid density data, lb/ft3
XLAM1 = latent heat of the light component, BTU/1b mole
XLAM2 = latent heat of the heavy component, BTU/1b mole
X = liquid mole fraction of the light component
Y = vapor mole fractlion of the light component

NOTE: A Dblank card must follow the last data card for
this section,

Section 4: 1liquid heat capacity data. Input variables

are:
TCP = temperatures at which data points are supplied
CPLl1 = heat capacity of the light component, BTU/lbOF
CPL2 = heat capacity of the heavy component, BIU/1b°F

(Data must be read in order of increasing temperature,)

READ: TCP(I), CPLi(I), CPL2(I)

FORMAT: 3E10.L
NOTE: A blank card must follow the last date card for

this section.
Section 5: constants for the vapor heat capacity equations.
Input variables are:

ACP,BCP,CCP = constants for the equation of the form:

3T+CCPx10'6T2

ACP+BCPx10~
READ: ACP(I), BCP(I), CCP(I)

FORMAT: 3E10.4
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Constants for the light component are read from the first

card and constants for the heavy component on the second

card,

Section T: vapor viscoslity data. Input variables are:
TMU = temperatures at which the data points are provided
XMUL = viscosity of the light component, cp.

XMU2 = viscosity of the heavy component, cp.

(Data must be read in order of increasing temperature,)
NOTE: A blank card must follow the last data card for
this section.

Section 8: 1liquid viscosity data. Input variables are:

TYMU = temperatures at which the data points are provided
YMUL = viscosity of the light component, cp.
YMU2 = viscosity of the heavy component, cp.

(Data must be read in order of incressing temperature,)
NOTE: A blank card must follow the last data card for
this section,

Data for the diffusion coefficients is read in:

T1,T2 = Leonard-Jones parameters Ol, and Gé are tabu-
lated in Reid and Sherwood (20), R
EK1,BK2 = Leonard-Jones parameters (e/K), and (e/K) as

tabulated in Reid and Sherwood (20), °K

(CARD N+2 to (N + NT) + 2|

The input data on the next NT cards (where NT is the
number of steps read in on card 1) contain the vapor tem-

peratures used in the approximate method.
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TV = vapor bulk temperature, OF

READ: TV(I)

FORMAT: E10.h4
It is very important that the exact number of steps NT
correspond with the number of temperatures when the approx-

imate method is used.
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READ DATA

| CALC.BBL.PT.TEMP ]

I=1,NT

{ LTEST = |
_{NO
. [CALL VAPOR AT TV, P, YV P————J
CALL DCOEF

[ CALC. W, RE, SCH,PR,F }

TI=TV-20

TI=TLTOT

CALL EQUIL
CALL TTEST

[ ASSUME Z l

CALC. X, [/%,,, R
CALC. FNEW

. (F+FNEW) |
2.

CALL CONVT

CALL CONV
. PRINT RESULTS

[ CcALC. YV(I+0, Tv(I+) ]

IEALC QSVtoiL!OXtQTOTt Tw ( 1~ ”}

PRINT RESULTS

CONTINUE

Figure 10. Flow Diagram for the Main Program




XA(FR)=X
YA(NR)=Y

X=(X+Y)/2.

NC=2

RETURN

START

XT= (XA(R ) *Y=YA (NR)*X ) /QQ

Figure 11.

 XA(NR)=X

YA(NR)=Y
LuXT

RETURN

Flow Diagram for CONV

Y

X=(X+Y)/2.
NC=1

RETURN
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TABLE I

RESULTS QOF THE COLBURN-DREW CALCULATIONS WITHOUT
ENHANCEMENT FOR THE METHANQL-WATER SYSTEM

54

Vapor

Vapor

Heagt

Vapor Inter-
Bulk facial Watey Bulk Flow Load,10 Arga
Temp, F Temp, F Temp, F Comp, 1lb/hr BTU/hr 't
197.0 189.7 104,06 .300 5000 0 0
196.2 187.5 99.54 .326 4490 163 20
194.9 185.1 9k.5 .355 3956 .93k Lo
193.5 182,5 89.9 .386 3396 1.410 60
191.8 179.8 85.1 .20 2813 1.887 80
189%™ 171.5 80.L 458 2210 2.359 100
187.5 - 175.4 75.8 Lig6 1581 2.823 120
185.0 173.1 TL.2 .53k 936 3.278 1ko
181,6 172.4 66,5 .592 209 3.751 160
172.4 A 65.2 -— 0 3.881 165




TABLE IT

RESULTS OF THE COLBURN-DREW CALCULATIONS WITH
ENHANCEMENT FOR THE METHANOCL-WATER SYSTEM

55

Vapor

Vapor

Heat

Vapor Inter-

Bulko facia% Wateg Bulk Flow Load,10 Arga
Temp, F  Temp, F  Temp, F  Comp. 1b/hr BTU/hr £t
197.0 190,2 10Lk.0 .300 5000 0 0
196.0 188.3 99.3 .327 4488 LL6T 20
194.8 186.1 9k.6 .358 3952 .9hk 4o
193.2 183.7 89.7 .393 3391 L 429 60
191.4 - 181.0 84.8 433 2805 L917 80
189.1 178.3 80.0 181 2196 405 100
186.3 175.9 75.2 535 1564 .883 120
183.0 173.2 70.5 .597 893 .353 140
177.7 172.4 65.6 .687 1Lk ,8h2 160
172.4 -— 64.8 - —— .923 163




TABLE IIT

RESULTS OF THE APPROXIMATE METHOD

FOR THE METHANOL~WATER SYSTEM
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Vapor Vapor Vapor Heat

Bulko Wateg Bulk Flow Load,10 Arga
Temp, F Temp, F Comp. 1b/hr BTU/hr ft
197.0 104.0 .300 5000 0 0
195.5 99.9 .326 Ls71 . 205 18
193.5 95.2 .362 4065 871 39
191.1 90.7 ko3 355k 1.329 59
188.1 86.0 453 2998 1.803 81
184.5 80.7 .51k 2341 2.327 106
180.1 75.6 .58k 1645 2.843 131
176.9 1.5 631 102Y 3.25k 151
17h.2 67.7 .668 213 3.625 168
172.4 65.5 - 0 3.8k49 178




RESULTS OF THE COLBURN-DREW METHOD
WITHOUT ENHANCEMENT FOR THE

TABLE IV

n-BUTANE-n~-QCTANE SYSTEM

5T

Vapor

Inter-

Vapor

Vapor

Bulko facia%; ‘Wateg Bulk Flow LOEZ?;O Arga
Temp, F Temp, F Temp, F Comp. 1b/hr BTU/hr ft
259.1 217.6 122.0 .300 8000 0 0
256.0 209.8 118,6 .329 7007 172 10
252.4 201.5 115,2 .359 6108 .340 20
248.3 192,2 112.0 390 5303 199 30
2Lk3.6 182.1 108.9 .b23 4573 .65h Lo
238.3 171.9 105.8 L 455 3893 .808 50
232.4 161.9 102.9 186 3271 .956 60
225.8 152.9 100.0 517 2712 1.097 70
218.7 145,2 9T. 4 .546 2208 1.228 80
211.2 138.9 95.0 573 1746 1.3k47 90
203.3 132,7 92.9 .596 1312 1.456 100
194,8 126.8 90.8 .616 910 1.558 110
185.6 121.5 88.9 632 540 1.653 120
1747 118.5 87.2 643 198 1,738 130
118.5 ——— 86.3 -— 0 1.786 135




RESULTS OF THE COLBURN-DREW METHOD

TABLE V

WITH ENHANCEMENT FOR THE
n-BUTANE-n~OCTANE SYSTEM
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Inter-

Vapor

Vapor

Vapor . ) Heat
Bulko facla% Wateg Bulk Flow TLoad,10 Arga
Temp, F Temp, F Temp, F Comp. 1b/nr BTU/hr ft
259,1 222,k 122.0 .3000 8000 0 0
255.9 217. k4 118.3 .3320 6922 .183 10
252,0 210.7 1147 '.3693 5910 . 367 20
2h7.3 200.6 111.0 L4118 4986 .550 30
2h1.3 188.8 107.0 59k 4118 .T48 o)
233.8 176.8 102.9 .5126 3321 .95k 50
224.6 163.9 98.8 5679 2595 1.161 60
213.3 151.4 9kh.6 L6267 1957 1.368 70
199.9 140.8 90.7 .6879 1398 1,563 80
184,3 130.7 87.2 .Tho2 893 1.729 90
165.3 118.2 8Lk.0 .8183 Lho 1.902 100
118.2 - 80.5 -— - 2.07T 111




TABLE VI

RESULTS OF THE APPROXIMATE METHOD
OF THE n-BUTANE-n~OCTANE SYSTEM
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Vapor

Vapor

Heat .

Vapor

BulkO Wateg Bulk Flow Load ,10 Arga
Temp, F Temp, F Comp . 1b/hr BTU/hr ft
259.1 122.0 .300 8000 0 0
248.0 11h.L b2 5263 .382 29
230.0 107.8 .56k 3279 711 62
212.0 103.7 .68L 2301 .915 88
194.0 100.6 7T 1709 1.072 113
176.0 97.9 .839 1293 1.207 140
158.0 95.3 896 936 1.336 168
140.0 92.6 .931 552 1.470 199
122.0 89.7 .957 98 1.615 236
118.5 89.0 - 0 1.646 2k
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